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We report the discovery of a super-giant tunneling anisotropic magnetoresistance in an epitaxially
grown (Ga,Mn)As/GaAs/(Ga,Mn)As structure. The effect arises from a strong dependence of the
electronic structure of ferromagnetic semiconductors on the magnetization orientation rather than
from a parallel or antiparallel alignment of the contacts. The key novel spintronics features of this
effect are: (i) both normal and inverted spin-valve like signals; (ii) a large non-hysteretic magne-
toresistance for magnetic fields perpendicular to the interfaces; (iii) magnetization orientations for
extremal resistance are, in general, not aligned with the magnetic easy and hard axis.(iv) Enormous
amplification of the effect at low bias and temperatures.
PACS numbers: 75.50.Pp, 85.75.Mm
The emerging field of semiconductor based spintron-
ics, which explores the spin and charge degrees of free-
dom on an equal footing, is expected to lead to novel
information technologies that will overcome current key
obstacles in the microelectronics roadmap [1]. A main
component needed to realize the full potential of this
technology is a device with similar behavior as current
metal-based spin-valves [2], and with novel spintronics
features unattainable in their metal counterparts. Pre-
vious attempts in this direction have yielded promising
spin-valve results [3] apparently mimicking the function-
ality of the metal devices. However, our recent discovery
of tunneling anisotropic magnetoresitance (TAMR) in a
single (Ga,Mn)As layer structure [4] suggests that the
moderate magnetoresistance (MR) effects observed so far
in structures such as the one in Ref. 3 may originate
from TAMR rather than the traditional metal tunnel-
ing MR (TMR). If this is the case, the device behavior
should be much richer than for TMR, and could offer
many new functionalities not possible in metal based de-
vices. To investigate this hypothesis, we have fashioned
a tunnel structure based on the ferromagnetic semicon-
ductor (Ga,Mn)As. We report the existence of a huge
TAMR effect exceeding 100 000% in these structures.
The full layer structure of our device, shown in Fig. 1a,
consists of a Ga0.94Mn0.06As (10 nm)/GaAs (2 nm)
/Ga0.94Mn0.06As (100 nm) trilayer grown by low tem-
perature molecular beam epitaxy (LT-MBE) on a semi-
insulating GaAs substrate and an undoped GaAs buffer
layer. The (Ga,Mn)As layers are intrinsically highly p-
type due to the Mn and have metallic transport charac-
ter. The undoped LT-GaAs layer on the other hand is
insulating and forms an epitaxial tunnel barrier between
the two ferromagnetic layers. The ferromagnetic transi-
tion temperature of the (Ga,Mn)As is ∼ 65 K.
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FIG. 1: a) Layer stack and b) sample layout. c) Magnetoresis-
tance near each in-plane easy axis showing both positive and
negative 40% effects. d) Magnetoresistance in perpendicular
field showing a 400% predominantly non-hysteretic signal.
A schematic of the patterned device is shown in Fig. 1b.
Using optical lithography with positive photoresist fol-
lowed by metal evaporation, lift-off, and wet etching the
heterostructure was patterned into a square mesa with
sides of 100 µm and a surrounding electrical back con-
tact. Contact to the square mesa is established by an in-
situ Ti/Au deposition, whereas the back contact is made
2after patterning by depositing Ti/Au onto the lower
(Ga,Mn)As layer. Two-probe MR measurements are
then performed for current flowing vertically through the
layer stack. Since the bulk resistivity of the (Ga,Mn)As
is only ∼10−3 Ωcm, the device resistance is dominated
by the tunnel barrier. Identically patterned control sam-
ples without a tunnel barrier have a resistance of 10 Ω,
proving that any bulk (Ga,Mn)As MR is fully negligible.
Transport measurements were carried out in a mag-
netocryostat fitted with a variable temperature insert
and three sets of mutually orthogonal Helmholtz coils
allowing the application of magnetic fields H of up to
300 mT in any direction. Fields applied in the plane of
the layers are denoted by their angle φ with respect to
the [100] crystallographic direction. Two different types
of H scans will be presented: MR-scans, which consist of
saturating the sample magnetization in a negative mag-
netic field along a given direction and then measuring the
resistance of the device as |H| is swept to positive satu-
ration and back again; and φ-scans, where the resistance
is measured for constant |H| while sweeping φ.
Fig. 1c shows MR-scans taken with a bias voltage VB
= 10 mV at a temperature T = 4.2 K along φ = 0◦ (red)
and 90◦ (black), near the two cubic magnetic easy axes in
the (Ga,Mn)As ([100] and [010] respectively) as verified
by SQUID. At low |H| after crossing zero in either sweep
directions, M abruptly reverses its direction. This mani-
fests itself in transport as a discontinuous change in resis-
tance leading to a 40% spin-valve signal. The measure-
ment along 90◦ appears similar to previous observations
[3], and could easily be mistaken for traditional TMR.
However, the remarkable sign change observed at φ=0◦
points to a different origin of the effect, and strongly
suggests an interpretation in line with our previous ob-
servations of TAMR in single-ferromagnet devices [4].
As we apply |H| at other angles in the plane, the ampli-
tude of the effect remains constant whereas the position
and sign of the sharp switching events displays a strong
angular dependence, with an underlying symmetry con-
sistent with the one reported for a single magnetic layer
device [4]. Neglecting some fine structure in the shape
of the peaks, the relatively straightforward picture of the
two step magnetization reversal reported in [4] accounts
for this low |H| symmetry. It comes from a combination
of the magnetic anisotropy of the (Ga,Mn)As, which is
principally cubic with a small in-plane uniaxial contri-
bution, and the fact that magnetic reversal takes place
via 90◦ domain wall nucleation and propagation. At low
fields, rather than a coherent rotation of the magneti-
zation, the dominating reversal mechanism consists of
the magnetization switching abruptly whenever the en-
ergy gain by doing so is greater than the energy needed
to nucleate/propagate a domain wall. This leads to the
symmetry of the magnetization reversal consistent with
previous studies in epitaxial Fe layers [5].
Another observation distinguishing our effect from
TMR is a strong MR signal observed when H is applied
perpendicular to the plane of the sample, i.e., along the
magnetic hard axis. Fig. 1d shows such a MR-scan at
T = 4.2 K and VB = 5 mV. The TAMR in Fig. 1d is
∼ 400%, much larger than for H in-plane under simi-
lar conditions. As explained in the theory section, we
attribute this to a significant growth direction strain in
our (Ga,Mn)As layers that induces a large anisotropy be-
tween the [001] and [100] (or [010]) directions, compared
to the relatively weak in-plane uniaxial anisotropy men-
tioned above. Note also that the perpendicular TAMR
is no longer hysteretic, but occurs on both sides of H=0,
indicating that it must be related to the absolute rather
than the relative orientations of the ferromagnetic layers.
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FIG. 2: φ-scans at 4.2 K a) in a saturation magnetic field |H|
= 300 mT, and b) VB = 5 mVat |H| = 25 mT, just sufficient
to switch M between easy axes.
The TAMR is further evidenced through φ-scans at
higher magnetic fields. As can already be seen in Fig. 1c,
the resistance at saturation is dependent on the direc-
tion of magnetization, varying from 480 to 700 kΩ as M
changes from along [010] to [100]. This is a unique char-
acteristic of our device, since in contrast to regular TMR
which depends only on the relative orientation of M in
the two layers, our sample is sensitive to the absolute
directions of M in the layers. Therefore it can act as a
sensor of the absolute direction of H. This characteris-
tic is exhibited in the 5 mV, |H| = 300 mT φ-scan of
Fig. 2a. The measurement is identical for clockwise or
counter clockwise φ sweeps as |H| is sufficiently large to
saturate M such that M ∝ H. The resistance changes
by more than 250% between its minimum at 90◦ and its
maximum at 165◦. The fact that the maximum resis-
tance does not lie along the main crystal and anisotropy
axes will be addressed below.
We turn now our attention to Fig. 2b, showing that the
φ-scan changes dramatically with |H|. Here |H|= 25 mT
was chosen to be slightly above the biggest coercive field
in the sample such that it can switch M from one easy
axis to the other as φ is swept. The sample was prepared
in a known state by saturatingM along the uniaxial easy
axis (90◦) and |H| was then lowered to 25 mT. After this
φ was swept in the clockwise (black) or counter clockwise
(red curve) direction.
The main features of the data are ∼ 40% jumps in the
resistance between the 500 and 700 kΩ levels. These can
be understood rather simply by noting that at φ = 90◦
3the sample is in a low resistance state associated with
M being along the [010] easy axis. As φ is swept nearer
to the [100] easy axis, M will eventually switch to this
direction, corresponding to a high resistance state due to
the additional uniaxial field that breaks the in-plane cu-
bic symmetry in the (Ga,Mn)As layers. The curves must
be different for the two sweep directions as they should
have approximate mirror symmetry about the easy axis.
The deviations from this symmetry may be attributed to
non-uniform strain distributions.
A few additional levels are seen in the data on the edges
of the large switching events. These intermediate states
can be explained in a straightforward way. By design,
the magnetic anisotropies of the two layers are not iden-
tical as different strain conditions and thicknesses cre-
ate different coercive fields. Thus, as H is rotated, the
layers do not switch simultaneously, but the softer layer
switches earlier. This creates configurations where the
magnetizations of the two layers are not collinear, but
perpendicular to each other. As a control experiment, a
similar φ-scan at |H| = 15 mT was made. As expected,
since 15 mT is just below the smallest coercive field in
the structure, no switching took place, and the resistance
of the sample remained constant at its lowest value. This
behavior suggests design perspectives for spin valves pro-
grammable in rotating magnetic fields above a certain
threshold magnitude, but not below.
The data in Figs. 1 and 2 establish unambiguously the
TAMR nature of the measured effect. Anisotropies in
the (Ga,Mn)As density of states (DOS) with respect to
M, which result from the strong spin-orbit coupling in
the ferromagnetic semiconductor valance band, are large
enough to explain the effect [4]. Consistently, a sizable
anisotropy of the MR of (Ga,Mn)As-based tunnelling
structures, comparing the magnetization parallel or per-
pendicular to the tunneling current, was found in an inde-
pendent theoretical work employing the Landauer trans-
port formalism [6]. The DOS anisotropy calculations in
Ref.4, based on the kinetic-exchange model coupling of
valence band holes and polarized Mn local moments, have
explained the change of the sign of the TAMR spin-valve
like signal with field angle and temperature, and pre-
dicted strong enhancement of the effect in epitaxial tun-
nel junctions characterized by a larger degree of in-plane
momentum conservation. Our present study confirms
this prediction and some of the new experimental fea-
tures of the (Ga,Mn)As/GaAs/(Ga,Mn)As TAMR can
also be understood based on the DOS anisotropy.
The relative DOS anisotropies, ∆DOSint/DOSint, for
the DOS at the Fermi energy EF , integrated over an
assumed range of momenta kz along the tunnelling di-
rection and summed over the occupied spin-split valence
bands, are plotted in Fig. 3 for several in-plane magne-
tization orientations. Note that states at EF with the
largest kz are expected to have the largest tunnelling
probability when in-plane momentum is conserved and,
therefore, increasing the range of kz contributing to the
tunnelling DOS corresponds to relaxing the in-plane mo-
mentum conservation condition, or increasing the tun-
nel barrier transparency. Theoretical curves in panels
(a), (b), and (c) were obtained for hole densities 0.1,
0.5, and 1 × 1020 cm−3, respectively. Although the bulk
hole densities in our (Ga,Mn)As layers are of order 1020
cm−3, a significant depletion is expected in the region
near the (Ga,Mn)As/GaAs interface with hole concen-
tration closer to those in panels (b) or (a). The substitu-
tional MnGa concentration of 4% considered in the calcu-
lations is consistent with the nominal total Mn doping in
our (Ga,Mn)As layers. A uniaxial strain along [010] was
introduced to model the broken in-plane cubic symmetry
in the (Ga,Mn)As.
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FIG. 3: Theoretical diagrams obtained for hole densities 0.1
(a), 0.5 (b), and 1 × 1020 cm−3 (c) showing the relative dif-
ference between the integrated DOS at the Fermi energy for
M along φ = 270◦) and three different angles φ. The x-axis
represents the integrated DOS at the Fermi energy that is as-
sumed to contribute to tunneling, relative to the total DOS
at the Fermi energy. Solid (dashed) lines were obatined for a
uniaxial strain along [010] direction of 0.2% (0.4%).
Fig. 3 demonstrates that the magnitude of the DOSint
anisotropy as well as the magnetization orientations cor-
responding to extremal tunnelling DOS have a complex
dependence on the magnetic tunnel junction parameters.
Data in panel (a), e.g., show DOSint anisotropies exceed-
ing 100% for DOSint/DOStotal ∼ 10%. (DOStotal de-
notes the total DOS at EF .) Here the minimum DOSint
is for M at φ = 270◦ while the maximum DOSint is
at φ = 330◦, i.e., off the main crystal and magnetic
anisotropy axis. The result provides an explanation for
the distorted cubic symmetry observed in the experi-
mental in-plane angle dependence of the TAMR (see
Fig. 2a). The enhanced DOS anisotropy shown by the
dashed line in the main panel, which was obtained for
larger strain value (larger magnetic anisotropy), is con-
sistent with the experimentally observed enhancement of
the TAMR when magnetization is switched between the
4easy- and hard-axis (see Fig. 1). We emphasize, however,
that the theoretical data in Fig. 3 are only illustrative;
a more quantitative comparison between the experiment
and theory requires a detailed characterization of the ex-
perimental tunnel junction parameters and a systematic
theoretical analysis of the TAMR and TMR contributions
to the hole transmission coefficients, which is beyond the
scope of this short communication and will be published
elsewhere.
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FIG. 4: Amplification of the effect at low bias voltage and
temperatures. a) TAMR along φ = 65◦ at 4.2 K for various
bias voltages. b) Super-giant TAMR at 1.7 K and 1 mV bias.
c) and d) φ at various bias at 1.7 K showing that at low bias
and temperatures, TAMR probes the detailed anisotropies of
the density of states.
Another prominent characteristic of our device is the
very strong VB dependence of the signal displayed in
Fig. 4a. The various curves show the MR along φ =
65◦ at T = 4.2 K with VB ranging from 500 µV up to
10 mV. The low resistance state has a relatively small
variation of ∼ 20% with decreasing bias. In contrast, the
high resistance state increases by more than 250%. The
amplitude of the TAMR effect is also very sensitive to T ,
as shown in Fig. 4b. Here we show a VB=1 mV curve at
1.7 K where the effect has grown to 150 000%. Indeed,
this is merely a lower limit corresponding to the detection
limit of our current amplifier. Although the amplitude
of the effect increases dramatically at low VB and T, the
general symmetry remains unchanged indicating that the
origin of the effect is unchanged, but that it is amplified
by an additional mechanism.
This super-giant amplification of the TAMR can be
understood as a manifestation of a well known zero bias
anomaly [7] in tunneling from a dirty metal which ap-
pears due to the opening of an Efros-Shklovskii gap [8] at
EF when crossing the metal-insulator transition. Indeed,
such an effect should be observed in our device given the
short (Ga,Mn)As mean free path of a few A˚ which lim-
its the injector region to a very thin layer near the bar-
rier. Depletion near the barrier must therefore cause a
lower carrier density in the injector region than in the
bulk of the (Ga,Mn)As slab. The injector will therefore
be much closer to the metal-insulator transition than a
typical (Ga,Mn)As layer. Moreover, we already know
that the DOS changes with M. Therefore, when we per-
form experiments at low VB and T, the effective DOS
participating in the tunneling can be brought through
the metal-insulator transition with reorientation of M,
leading to a large amplification of the TAMR effect. A
further indication that the Efros-Shklovskii gap is the
dominant enhancing mechanism is that the amplification
of the effect as T changes from 4.2 to 1.7 K is strong
for low bias voltage (1 mV), but disappears at higher
voltages (10 mV), consistent with tunneling experiments
near the metal-insulator transition of Si:B [7]. Other
possible mechanisms for the enhancement of the TAMR,
such as disorder and impurity mediated tunneling, may
also play a role and should not be summarily dismissed.
Further experimental and theoretical study of the prob-
lem is needed before the amplification mechanism can be
claimed to be fully understood.
Finally, in Fig. 4c and d we present φ-scans at 1.7 K for
various VB , which demonstrate another important car-
acteristic of our device which is that it acts as a detector
for the anisotropies in the DOS of the (Ga,Mn)As layer.
Fig. 4c already shows some fine structure, which becomes
much more pronounced at lower the bias. This is to be
expected since we start detecting fine structure in the
anisotropy of the DOS, which should be complex given
that the opening of the gap should develop differently for
the various bands which have different effective masses.
In summary, we have observed a super-giant TAMR ef-
fect in a (Ga,Mn)As/GaAs/(Ga,Mn)As tunnel structure
which can be of order of a few hundred % at 4K, and can
be amplified to 150 000% at lower temperatures. The
behavior of the structure not only mimics normal TMR
when the field is applied along the [010] direction, but
also exhibits new functionalities such as a sensitivity to
not only the amplitude, but also to the direction of an
applied magnetic field. While many of the experimental
features of this novel effect can be understood through
the one-particle tunneling DOS anisotropies with respect
to the magnetization orientation, the dramatic amplifi-
cation at low biases and temperatures poses new chal-
lenging questions for the theory of tunneling transport
in disordered interacting electronic systems with strong
spin-orbit interaction.
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